Background: Inhibitor of DNA binding 1 (Id1) is upregulated in multiple cancers, and Id1overexpression correlates with cancer aggressiveness and poor clinical outcomes in cancer patients. However, its roles in cancer stem-like cells (CSCs) and epithelial-mesenchymal transition (EMT) are still elusive. Purpose: This study aimed to examine the role of Id1 on the mediation of CRC stemness and explore the underlying mechanisms. Methods: Id1 and CD133 expression was detected by qPCR assay and immunohistochemistry (IHC) in normal mucosal and primary colorectal cancer (CRC) specimens. Id1 was stably knocked down (KD) in human CRC cell lines. Spheres forming assay and tumorigenic assay were performed to evaluate self-renewal capacity and tumor initiation. Expression of CSC-and EMT-related markers and TCF/LEF activity were assessed in HCT116 cells after Id1 KD. Results: qPCR assay showed higher Id1 and CD133 expression in CRC specimens than in normal mucosal specimens (P<0.05). IHC detected high cytoplasmic Id1 expression in 35 CRC specimens (46.7%), and high CD133 expression in 22 CRC specimens (29.3%) and negative expression in 18 normal mucosal specimens. High Id1 expression positively correlated with poor differentiation (P=0.034), and CD133 expression correlated with T category in CRC patients (P=0.002). Spearman correlation analysis revealed a positive correlation between Id1 and CD133 expression in CRC patients (P<0.05). Id1 KD resulted in suppression of proliferation, cell-colony formation, self-renewal capability and CSC-like features in HCT116 cells, and impaired the tumor-initiating capability in CRC cells. In addition, Id1 maintained the stemness of CRC cells via the Id1-c-Myc-PLAC8 axis through activating the Wnt/β-catenin and Shh signaling pathways. Conclusions: Id1 expression significantly correlates with CD133 expression in CRC patients, and Id1 KD impairs CSC-like capacity and reverses EMT traits, partially via the Wnt/β-catenin signaling. Id1 may be a promising therapeutic target against colon CSCs.
Introduction malignancy has progresses into advanced or metastatic diseases, the 5-year survival rate is very low. 1 Understanding of the mechanisms of CRC progression and metastasis is therefore of great significance to develop interventions to prevent and manage the progressive behaviors. 5 There is increasing evidence supporting the crucial role of cancer stem-like cells (CSCs) in the progression and metastasis of CRC. 6 Chemoresistance and radioresistance are two major factors leading to the poor outcomes of CRC, [7] [8] [9] and CSCs have been shown to contribute to both chemoresistance and radioresistance to CRC. [10] [11] [12] Therefore, understanding of the molecular regulation of the maintenance of CSCs may be useful for establishing efficient treatments targeting CRC.
Inhibitor of DNA-binding proteins (Id) is a family of transcription factors belonging to the basic helix-loophelix (bHLH) protein superfamily, 13 and four family members have been identified in humans until now, including Id1, Id2, Id3 and Id4. 14 Id proteins function as negative regulators of bHLH and inhibit cell differentiation. 15 Increasing evidence supports that Id1, the most frequently studied Id protein in cancer to date, 16 is upregulated in multiple solid tumors, including breast cancer, prostate cancer, gastric cancer, lung cancer, esophageal squamous cell carcinoma and colorectal cancer, [17] [18] [19] [20] [21] [22] and overexpression of Id1 was found to correlate with cancer aggressiveness and poor clinical outcomes in cancer patients. 18, 21, 22 In addition, previous studies have shown that Id1 downregulation resulted in an increases in the sensitivity to chemotherapeutic agents in multiple cancers. [23] [24] [25] [26] Moreover, Id1 has been found to play an important role in the maintenance of self-renewal in neural and embryonic stem cells, 27, 28 and Id1 and Id3 were found to jointly function to govern colon CSCs self-renewal through cellcycle restriction driven by p21. 29 However, the mechanisms underlying the functional roles of Id1 in cancer have not been fully demonstrated, and there is little knowledge on the mediation of colorectal CSCs markers CD24, CD166, ALDH and Lgr5 by Ids until now. 30 This ex vivo, in vivo and in vitro study was designed with aims to examine the role of Id1 in the mediation of CRC cell stemness and explore the underlying mechanisms.
Materials and methods

Ethical consideration
This study was reviewed and approved by the Ethics Review Committee of Fujian Provincial Cancer Hospital (approval no. FJZLYY2012-00087). Written informed consent was obtained from all study subjects following a detailed description of the purpose of the study. All experiments were done in accordance with the Declaration of Helsinki and international and national Guidelines for the Care and Use of Laboratory Animals.
Subjects and specimens
A total of 75 CRC patients undergoing surgical treatment in Fujian Provincial Cancer Hospital (Fuzhou, China) during the period from January 2010 through August 2012 were enrolled in this study, and all patients were definitely diagnosed using pathological examinations. The subjects included 47 males and 28 females, and had a mean age of 58.0±14.0 years ( Table 1 ). The mean tumor size was 5.3 ±1.9 cm, and none of the patients received chemotherapy or radiotherapy. Human CRC and paired normal mucosa specimens were sampled for the experiments.
Cell line and culture
Human CRC line HCT116 were purchased from the Cell Bank of Chinese Academy of Sciences (Shanghai, China), and incubated in McCoy's 5A medium (Sigma-Aldrich; St. Louis, MO, USA) at 37°C in a humidified atmosphere containing 5% CO 2 . Cells growing to at least 80% confluence were harvested for the subsequent experiments.
Animals
Male 4 to 6 weeks old nude mice of the BALB/c nu/nu strain, each weighing 16 to 19 g, were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China), and were housed in a clean facility in the Laboratory Animal Center of Fujian Medical University (Fuzhou, China), with free access to water and food.
Immunohistochemistry (IHC)
The Id1 and CD133 protein expression was determined in human CRC and normal mucosal specimens using IHC with an immunostaining SP kit (Fuzhou Maixin Biotech Co., Ltd.; Fuzhou, China). Briefly, paraffin-embedded sections were deparaffinized by xylene, dehydrated in a graded methanol series, and antigen-retrieved in 10 mM citrate buffer (pH 6.0) for 5 min. Sections were then treated with peroxidase-blocking agent to block endogenous peroxidase and normal rabbit serum to block non-specific binding sites. Subsequently, sections were incubated in the primary rabbit anti-Id1 monoclonal antibody (Abcam, Inc.; Cambridge, MA, USA) and rabbit anti-CD133 polyclonal antibody (Abcam, Inc.;
Cambridge, MA, USA) overnight at 4°C, followed by incubation in the secondary antibodies at room temperature for 10 min. The sections were visualized with DAB and counterstained with hematoxylin. Stained sections were viewed and photographed under a fluorescence microscope. The immunoreactivity scores of both Id1 and CD133 were calculated as the product of staining intensity and percentage of positive cells. The percentage of positive cells was rated as follows: 0, no positive cells; 1 point, 1% to 20% positive cells; 2 points, 21-50% positive cells; 3 points, 51-70% positive cells; and 4 points, 71% and more positive cells, and the staining intensity was categorized into 4 grades: 0, no staining of cancer cells; 1, weak staining; 2, moderate staining; and 3, strong staining. The immunoreactivity score of <4 was defined as low expression and a score of 4 and greater as high expression. All immunohistochemical slides were reviewed by two well-experienced pathologists, independently and blinded for any clinical data.
Cell transfection
Four short-hairpin RNAs (shRNAs) targeting Id1 and c-Myc overexpression (LV-Myc) were designed and synthesized by Shanghai Genechem Co., Ltd. (Shanghai, China), while a control shRNA, and control lentiviral vectors LVCON238 and LVCON220 unrelated to human sequences served as negative controls ( Table 2 ). The shRNA vector (SigmaAldrich; St. Louis, MO, USA) was co-transfected with packaging vectors pCMV-Dr82 (Sigma-Aldrich; St. Louis, MO, USA) and pCMV-VSVG (Sigma-Aldrich; St. Louis, MO, USA) at a ratio of 4:3:2 into 293T cells using a Lipofectamine 2000 reagent (Invitrogen; Carlsbad, CA, USA). Polybrene (6 µg/mL; Sigma-Aldrich; St. Louis, MO, USA) was added for viral infection. For generating stable clones, the Id1 knockdown (KD) and control cells were selected by 1.5 µg/mL puromycin (Merck KGaA; Darmstadt, Germany) for three weeks. The KD of Id1 was checked by Western blotting and qPCR assays.
Measurement of cell growth
Id1 KD HCT116 cells and respective controls were seeded onto cell culture E-plates (Corning; Corning, NY, USA) at a cell density of 1×10 5 cells per well incubated in culture medium at 37°C containing 5% CO 2 . The cell growth curves were automatically recorded on the RTCA system (ACEA Biosciences, Inc.; San Diego, CA, USA). The cell index was followed for 3 days.
Cell-colony formation assay
Log-phase cells were seeded onto 6-well plates (Corning; Corning, NY, USA) at a density of 800 cells in each well. Following incubation for 12 to 14 days, the medium was 
Flow cytometry
The CD133/2 and CD24 expression was quantified using flow cytometry using a standard protocol. Briefly, cells were labeled with mouse anti-human CD24-Percp-Cy 5. Table 3 , and β-actin served as an internal reference control. For the relative quantification of the mRNA levels, three independent amplifications were performed for each target gene, with triplicate samples. The relative quantity of mRNA expression was calculated using the 2 −ΔΔCt method.
Western blotting assay
Cells were harvested and homogenized in a lysis buffer containing 50 mM HEPES (pH 7.4), 250 mM NaCl, 1% Nonidet P-40, 1 mM EDTA, 1 mM Na 3 VO 4 , 1 mM NaF, 1 mM PMSF, 1 mM dithiothreitol, and a protease inhibitor cocktail (Roche; Indianapolis, IN, USA). Total protein concentration was quantified using the BCA Protein Assay Kit (Pierce; Rockford, IL, USA), and the samples were boiled for 5 min. Equal amounts of protein were electrophoresed on 10-15% polyacrylamide gradient gels (Bio-Rad Laboratories, Inc.; Hercules, CA, USA). After immunoblotting, membranes were blocked in 3% bovine serum albumin (BSA; VWR International, Radnor, PA, USA) at room temperature for 2 h. Then, the membrane was incubated with primary mouse anti-CD24 
Tumorigenic assay
To assess the effect Id1 KD on tumor initiation, shId1-transfected and non-transfected HCT116 cells were subcutaneously injected into the right and left groins at densities of 1×10 4 1×10 5 5×10 5 and 1×10 6 cells, respectively. The emergence of tumors was monitored for 6 weeks postinjection. Tumor size was measured every week with a digimatic caliper (Mitutoyo; Tokyo, Japan), and the tumor volume was calculated using the following formula:
tumor volume = tumor length × tumor width 2 /2
Statistical analysis
All measurement data were expressed as mean ± standard deviation (SD), and the categorical data were presented as number or proportions. Differences of means between groups were compared with Student's t-test, and comparison of the categorical data was done with chi-square test or Fisher's exact test. The correlation between Id1 and CD133 expression was examined using Spearman correlation analysis. All statistical analyses were performed using the statistical software SPSS version 20.0 (SPSS, Inc.; Chicago, IL, USA), and a P-value of <0.05 was considered statistically significant.
Results
Correlation between Id1 and CD133 expression in human CRC specimens
Previous studies have shown elevated Id1 and CD133 expression in human CRC specimens; 22, 31 however, there is 
no direct evidence to support the link between Id1 and CD133 in clinical specimens until now. We detected Id1 and CD133 mRNA expression in 30 human CRC and paired normal mucosal specimens, and qPCR assay showed higher Id1 and CD133 mRNA expression in the CRC specimens than in normal mucosal specimens (P<0.05) ( Figure 1A and B). Spearman correlation analysis revealed that Id1 mRNA expression positively correlated with CD133 mRNA expression (r =0.401, P=0.031) ( Figure 1C ). Then, we used IHC to determine the protein levels of Id1 and CD133 in human CRC and normal mucosal specimens. There was no cytoplasmic expression of Id1 seen in the 20 normal mucosal specimens ( Figure 1D ), and high cytoplasmic expression of Id1 was detected in 35 CRC specimens (46.7%); while CD133 was highly expressed in 22 CRC specimens (29.3%) and negatively expressed in 18 normal mucosal specimens, but mildly expressed in 2 normal mucosal specimens. We then examined the associations of Id1 and CD133 expression with the clinicopathologic characteristics in the CRC patients. High Id1 expression was found to positively correlate with poor differentiation (P=0.034), and CD133 expression was found to correlate with T category (P=0.002) ( Table 4 ). In addition, Spearman correlation analysis revealed a positive correlation between Id1 and CD133 protein expression in CRC patients (r =0.319, P=0.005) (Figure 1E ), indicating a link between Id1 and CRC stem cell phenotype.
Id1 KD inhibits CRC cell proliferation and colony formation
Since high Id1 expression was positively associated with poor differentiation in human CRC specimens, and HCT116 is a poorly differentiated CRC cell line, a stable Id1 KD HCT116 cell line was generated using shRNA, and Western blotting was performed to check the KD efficiency (Figure 2A ). Then, we evaluated the effect of Id1 KD on HCT116 cell Figure 2C ). Cell colonyforming assay showed lower numbers of cell colonies in Id1 KD HCT116 cells than in control cells (P<0.05) ( Figure 2D ). These data demonstrate that Id1 KD suppresses CSC cell proliferation and colony formation.
Id1 promotes CRC cell stemness and tumor-initiating capability Figure 3B ). Western blotting assay was performed to examine the effect of Id1 KD DovePress on the expression of CSC markers in CRC cells. Id1 KD was found to cause a significant reduction in the CD24, CD133, EpCAM, Oct4, EZH2, Lgr5 and β-catenin expression, but did not affect the CD44 or CD166 expression ( Figure 3C ). In addition, Western blotting determined significantly higher Id1 expression in sphere-forming HCT116 cells than in HCT116 cells ( Figure 3D ). These data indicate that Id1 KD plays a critical role in maintaining the stemness of CRC cells.
Furthermore, an in vivo tumorigenicity assay was performed to examine the role of Id1 in the tumor-initiating capability. As expected, Id1 KD significantly decreased the number of tumor-initiating HCT116 cells. At 3 week post-injection, 10 5 control HCT116 cells were sufficient to initiate CRC growth in 1/6 of the mice, while at least 5×10 5 Id1 KD HCT116 cells were required to initiate xenograft tumors (Table 5 ). Continuous monitoring of the Figure 3E and F ). These data demonstrate that Id1 KD impairs the tumor-initiating capability in CRC.
Id1 KD suppresses epithelial-mesenchymal transition (EMT) and increases chemosensitivity in HCT116 cells
To assess the effect of Id1 KD on EMT features in HCT116 cells, we determined the expression of EMT-associated markers. Id1 KD HCT116 cells had their morphology shifting from scattered, spindle-and fibroblastic-like shapes to tightly packed, cuboid, epithelial-like appearance ( Figure 4A ), indicating the presence of EMT reversal. Western blotting analysis showed that Id1 KD resulted in down-regulation of Twist, Snail, Vimentin and Slug expression and up-regulation of E-cadherin, ZO-1 and Claudin-1 expression ( Figure 4B ). According to the CSC theory, 31 CSCs have a low sensitivity to chemotherapy, 32 we therefore investigated whether Figure 4C ). Subsequently, we examined whether Id1 KD-induced increased sensitivity to 5-FU was attributed to the increase in apoptosis, flow cytometry detected a significantly higher apoptotic rate in Id1 knockdown HCT116 cells than in control cells following treatment with 5-FU at a dose of 10 μM (Figure 4D ), suggesting that Id1 KD decreases the Id1 maintains CRC stemness through the Id1-c-Myc-PLAC8 axis via the Wnt/β-catenin and Sonic Hedgehog (Shh) signaling pathways
Since Id1 KD was found to reduce CD133 expression, and inhibition of the Wnt signaling has been shown to decrease CD133 expression, 33 it is therefore hypothesized that Id1 affects CSC functions via the Wnt signaling pathway. Firstly, we detected the subcellular localization of β-catenin in Id1 KD HCT116 cells, and Id1 KD was found to induce a reduction in the cytoplasmic and nuclear β-catenin levels ( Figure 5A ). Following entry in nucleus, β-catenin interacts with the transcription factors of the T-cell factor/lymphoid enhancer factor (TCF/LEF) family, thereby activating the transcription of downstream molecules of the Wnt signaling pathway. 34 The TCF/LEF reporter luciferase assay revealed that the relative TCF/LEF activity was significantly lower in Id1 KD HCT116 cells as compared to the control cells, and Western blotting resulted in down-regulation of CyclinD1, Survivin and C-myc expression in Id1 KD HCT116 cells ( Figure 5A ). These findings demonstrate that Id1 may maintain the stemness of CRC cells through activating the Wnt/β-catenin signaling pathway. Since Shh signaling is an important pathway involved in mediating cell stemness, the expression of key proteins in the Shh signaling pathway was detected. Western blotting showed that Id1 KD upregulated PTCH2 and SUFU expression and downregulated GLI2 and Shh protein in HCT116 cells ( Figure 5B ). Then, we further examined whether Id1 maintained the stemness of CRC cells through activating the Wnt and Shh signaling pathways. HCT116 cells were exposed to a Wnt signaling inhibitor FH535 and a Shh inhibitor HPI-1, and the combined treatment with FH535 and HPI-1 caused a higher reduction in the C-myc protein expression than treatment with FH535 or HPI-1 alone ( Figure 5C ). It is therefore hypothesized that C-myc may be a key gene that regulates Id1-mediated CRC stemness. To test this hypothesis, C-myc was overexpessed in Id1 KD HCT116 cells, and both Western blotting and sphere-forming assay showed that C-myc overexpression reversed the stemness of Id1 KD HCT116 cells ( Figure 5D and E).
When we detected the expression of stemness-related markers in sphere-forming HCT116 cells, higher PLAC8 expression was found in the sphere-forming HCT116 cells than in HCT116 cells. Since PLAC8 is a downstream target gene of C-myc, we quantified PLAC8 expression using Western blotting, and Id1 KD was found to downregulate PLAC8 expression while Id1 overexpression upregulated PLAC8 expression ( Figure 5F ). To examine the effect of PLAC8 on the stemness features of CRC cells, PLAC8 was overexpressed in HCT116 and Id1 KD HCT116 cells, and Western blotting showed that PLAC8 overexpression resulted in elevated expression of stemness-related markers in HCT116 cells relative to Id1 knockdown HCT116 cells ( Figure 5H ). In addition, sphere-forming assays showed that the number and the mean diameter of sphere-forming Id1 KD HCT116 cells overexpressing PLAC8 were significantly greater than the control cells, and FACS analysis revealed a significant rise in the number of CD24 + and CD133 + /CD24 + cell populations in Id1 KD HCT116 cells overexpressing PLAC8 than in control cells ( Figure 5G ). Taken together, these data demonstrate that Id1 maintains the stemness of CRC cells via the Id1-c-Myc-PLAC8 axis through activating the Wnt/β-catenin and Shh signaling pathways.
Discussion
Using immunohistochemical methods, we found that high Id1 expression was associated with poor differentiation state in CRC patients, and this result was in line with previous study. 22 As current knowledge considers that cancers are initiated and maintained by a subpopulation of cells with the ability to self-renew, termed CSCs. 35 In recent years, great progresses have been achieved in identifying markers of colon CSCs, such as CD133, CD24, CD44, CD166, Lgr5. 35 However, CD133 was the first discovered and considered as a potential specific marker of colon CSCs in 2007. 36 37 Although the role of CD133 as a marker of colon CSCs is questioned, a recent meta-analysis study showed that CD133 is an efficient prognostic factor in CRC, and its expression is significantly associated with poorer clinical outcome, T category, N category and vascular invasion. 38 In this study, we confirmed that high CD133 expression was associated with T category. More importantly, this is the first report to demonstrate a positive association between Id1 and CD133 expression in CRC samples. Our data further support the evidence that Id1 may play a critical role in regulating colon CSCs through governing CD133 expression. It is becoming quite clear that HCT116 cell line has a high proportion of CSCs. 39 Indeed, we found HCT116 had high rates of CSC markers such as CD133 and CD44. Using shRNA to knockdown Id1 expression in HCT116 cells, we found that Id1 KD blocked the sphere-formation capacity of HCT116 cells and suppressed CD133 expression. In vivo animal studies demonstrated the Id1 KD impaired tumor growth and tumor-initiating capabilities in HCT116 cells. As multiple reports have demonstrated that using co-expressed stemness markers including CD133, CD166, CD44, EpCAM, CD24, Lgr5 and β-catenin would be better than a single stemness marker to present colon CSCs. 40 29 which may be attributed to various cell lines used. In the previous study, 0% to 49.8% CD133 expression was detected, which was much lower than that (83%) in our study. It has been proved that CSCs are responsible for chemoresistance after standard treatment. 30, 41 Previous studies have
shown that Id1 increases resistance to chemotherapeutic agents in solid tumors, such as taxol, docetaxel and oxaliplatin, 29, 42, 43 and Id1 down-regulation resulted in an increases in the sensitivity to chemotherapeutic agents in multiple cancers. [23] [24] [25] [26] In the present study, we found that Id1 KD increased the sensitivity to 5-FU and induced apoptosis of HCT116 cells. It was indicated that CD133 + CRCs exhibited a higher proliferating potential and showed a higher resistance to 5-FU and irradiation compared with CD133 − cells. 44 In this study, we found a higher sensitivity to 5-Fu in Id1 KD cells, which was in agreement with previous studies. [23] [24] [25] [26] This may be attribute to the reduced CD133 expression in HCT116 cells; however, the underlying mechanisms warrant further investigations. As we know, HCT116 cell line has little capacity to differentiate. 39 Previous studies have demonstrated that Id proteins are required for differentiation in various cell types. 16 In our study, we found Id1 KD increased expression of differentiation markers (MUC2 and CK20), which supported the role of Id1 in induction of colonic cell differentiation. Upon cell differentiation, CD133 expression is quickly decreased. 45 Our findings suggest that Id1
KD may enable the colon CSCs to differentiate in HCT116 cells. It is therefore assumed that Id1 might be a promising therapeutic strategy against colorectal CSCs. EMT causes loss of intercellular adhesion and epithelial polarization and also gains of mesenchymal traits, which facilitates cells to undergo changes in cell morphology and mediate single-cell invasion in cancer. 46 In addition, EMT is believed to act in tumor development by producing cells with stem cell features. 47 It was indicated that loss of Id1 and Id3 upregulated E-cadherin expression in EMT negative prostate cancer cell lines, 48 and suppression of KLF17 expression was reported to promote breast cancer cell invasion and EMT by directly binding to the promoter of Id1 to inhibit its transcription. 49 In the current study, we found that Id1 KD resulted in EMT reversal possibly through increasing E-cadherin expression and decreasing the expression of major EMT regulators in CRCs, such as Snail and Twist. This may provide stronger evidence for the important role of Id1 in regulating the stemness of colon CSCs. The mechanism by which Id1 KD regulates the selfrenewal of CSCs and EMT features remains unclear. Multiple signaling pathways are involved in the regulation of stem cell self-renewal, EMT-like states and differentiation, including the Wnt/β-catenin signaling pathway. β-catenin is a central modulator of the canonical Wnt signaling pathway. If the accumulated cytosolic β-catenin translocates into the nucleus and forms the β-catenin/TCF complex, the transcription of Wnt target genes are activated. 50 In breast cancer, overexpression of Id1 could activate Akt-mediated Wnt signaling pathway. 51 Here, we observed that Id1 KD decreased the cytoplasmic/nuclear β-catenin expression and LEF/TCF luciferase activity, as well as the expression of Wnt target genes including cyclinD1 and Survivin. CD133, EpCAM, Snail and Twist are found to act as Wnt/β-catenin signalingresponsive molecule. [52] [53] [54] Thus, it is reasonable to speculate that decreased Wnt/β-catenin may responsible for the stemness feature, cell differentiation, EMT and other phenotypic changes. Further studies are required to investigate the detailed molecular mechanisms underlying whether Id1 is involved in the regulation of EMT and stemness features via the nonclassical Wnt pathway or other pathways.
Conclusions
In conclusion, the results of the present study demonstrate that Id1 expression is significantly associated with CSC marker CD133 expression in CRC patients. In addition, Id1 KD impairs CSC-like capacity and reverses EMT-traits, partially through the regulation of classical Wnt/β-catenin signaling in vitro. Targeting of Id1-based prevention and therapeutics may be beneficial and offer new hopes for CRC clinically.
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